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INTERCONNECT BETWEEN A WAVEGUIDE second waveguide to a third waveguide, while minimizing a
AND A DIELECTRIC WAVEGUIDE loss of the power transferred from the second waveguide to

COMPRISING AN IMPEDANCE MATCHED the third waveguide.
DIELECTRIC LENS

ORIGIN OF THE INVENTION

Embodiments of the present invention described herein
were made in the performance of work under NASA con-
tract NNN12AAOIC and are subject to the provisions of
Public Law #96-517 (35 U.S.C. §202) in which the Con-
tractor has elected not to retain title.

FIELD

The present invention generally pertains to interconnects
for a dielectric waveguide, and more particularly, to a lens
for interconnecting a conventional metallic waveguide to a
dielectric waveguide.

BACKGROUND

A metallic waveguide may be connected to a dielectric
waveguide by inserting the dielectric waveguide into a hole
in the metallic waveguide. As shown in FIG. 1, a dielectric
waveguide 110 includes a tapered portion 115 that is inserted
within a hole (not shown) of a metallic waveguide 105.
However, in this approach, less than one percent of the
signal flows from metallic waveguide 105 to dielectric
waveguide 115. Thus, a large amount of radiation is lost.
The most common type of interconnect used to connect a

metallic waveguide to a dielectric waveguide is a corrugated
horn. As shown in FIG. 2, a corrugated horn 215 connects
a metallic waveguide 205 with a dielectric waveguide 210.
However, this approach creates a bulky and expensive
interconnect.

Thus, an alternative interconnect that is more cost effec-
tive and loses less radiation may be beneficial.

SUMMARY OF THE INVENTION

Certain embodiments of the present invention may be
implemented and provide solutions to the problems and
needs in the art that are outside the capabilities of conven-
tional waveguide interconnects. For instance, some embodi-
ments pertain to a lens that can connect one type of wave-
guide to another type of waveguide while reducing radiation
leakage or signal loss at the interface of the waveguides.

In one embodiment, an apparatus includes a lens config-
ured to connect a metallic waveguide to a dielectric wave-
guide. The lens may have a curvature configured to capture
radiation leakage and return the radiation leakage to the
dielectric waveguide.

In another embodiment, an apparatus includes an inter-
connect. The interconnect may be located between a first
waveguide and a second waveguide, and may be configured
to maximize power issued from the first waveguide to the
second waveguide while minimizing power loss.

In yet another embodiment, an apparatus includes a first
interconnect and a second interconnect. The first intercon-
nect includes a curved lens configured to transfer power
from a first waveguide to a second waveguide, while mini-
mizing a loss of the power transferred from the first wave-
guide to the second waveguide. The second interconnect
includes a curved lens configured to transfer power from the

5 BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of certain embodiments of the
invention will be readily understood, a more particular
description of the invention briefly described above will be

10 rendered by reference to specific embodiments that are
illustrated in the appended drawings. While it should be
understood that these drawings depict only typical embodi-
ments of the invention and are not therefore to be considered

15 to be limiting of its scope, the invention will be described
and explained with additional specificity and detail through
the use of the accompanying drawings, in which:

FIG. 1 illustrates a related art technique to connect a
metallic waveguide to a dielectric waveguide.

20 FIG. 2 illustrates a related art corrugated horn intercon-
nect system.
FIGS. 3A and 3B illustrate interconnect system using a

lens, according to an embodiment of the present invention.
FIG. 4A illustrates a propagation mode in a rectangular

25 waveguide, according to an embodiment of the present
invention.

FIG. 4B illustrates a propagation of a hybrid mode in a
dielectric waveguide, according to an embodiment of the
present invention.

30 FIG. 5 illustrates an interconnect system using two lenses,
according to an embodiment of the present invention.
FIG. 6 illustrates an interconnect system for connecting a

flexible dielectric waveguide to metallic waveguides,
according to an embodiment of the present invention.

35

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Some embodiments of the present invention pertain to a
40 lens interconnecting a conventional waveguide, such as a

metallic waveguide, to a dielectric waveguide. The dielectric
waveguide may be made of any suitable type of material.
For example, the dielectric waveguide may be made of a
conventional substrate, polymer, fabric, dielectric foam, or

45 any type of material that would be appreciated by a person
of ordinary skill in the art. In certain embodiments, the
dielectric waveguide may be flexible or solid. Similarly, the
lens may also be flexible or solid.

FIGS. 3A and 3B illustrate an interconnect system 300
50 using a lens 315, according to an embodiment of the present

invention. In this embodiment, a lens 315 may connect
metallic waveguide 305 with dielectric waveguide 310. In
some embodiments, lens 305 may be fabricated from the
same material as dielectric waveguide 310. The length and

55 width of lens 315 may depend on the characteristics of
dielectric waveguide 310.

It should be appreciated that the material of lens 315 may
include a dielectric constant or relative real part of permit-
tivity that is at least two times larger than the relative

60 permittivity of the surrounding medium. For instance, if lens
315 is surrounded by air (relative permittivity—l), lens 315
may have a relative permittivity of more than 2. Cost
effective material, such as TeflonTM or polyethylene, works
in air and is easy to manufacture. The optimum dimensions

65 of lens 315 depend on the material that is chosen and the
working frequency. The same principle may apply to dielec-
tric material 310.
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In a further embodiment, lens 315 may be incorporated

with dielectric waveguide 310 such that lens 315 and
dielectric waveguide 310 are the same piece (not depicted).
In other embodiments, lens 315 may be separate from
dielectric waveguide 310, and may connect with dielectric
waveguide 310 (as shown in FIGS. 3A and 313). For
example, in embodiments where lens 315 is separate from
dielectric waveguide 310, lens 315 may connect with dielec-
tric waveguide 310 by inserting dielectric waveguide 310
into lens 315 or vice versa.
As mentioned above, lens 315 may connect metallic

waveguide 305 to dielectric waveguide 310, thus acting as
an interconnect. In one embodiment, lens 315 may include
input 320 or input 325. Input 320 (FIG. 3A) or input 325
(FIG. 313) may be directly inserted, or plugged into, metallic
waveguide 310. Input 320 or input 325, also known as the
impedance matching section, may be stepped or tapered to
reduce the amount of signal loss between metallic wave-
guide 305 and dielectric waveguide 310.

Input 320 in FIG. 3A, for example, shows a one-step
transition into a hole of metallic waveguide 305. Input 325
in FIG. 313, for example, shows a two-step transition. It
should be appreciated that the embodiments described
herein are not limited to the number of stepped transitions.
Rather, additional steps at input 320 or input 325 of lens 315
may be used to facilitate an increase in impedance matching.
This can be achieved so long as the length of metallic
waveguide 305 is long enough to host the impedance
matching section of lens 315. Also, the number of steps may
depend on the length of lens 315. Furthermore, the geometry
(positioning and size) of the steps will depend upon the
working frequency of lens 315, metallic waveguide 305,
dielectric waveguide 310, etc.

It should also be appreciated that the impedance matching
section of lens 315 may prevent power from being reflected
back into metallic waveguide 305 since power reflection can
generally occur at input 320 or input 325 of lens 315. This
impedance matching section provides a smooth transition
from metallic waveguide 305 and ensures that maximum
power is coupled to dielectric waveguide 310. Furthermore,
the dimensions of lens 315, and possibly dielectric wave-
guide 310, may be designed to match the dimensions of
metallic waveguide 305. This way, input 320 or input 325 of
lens 310 may match the wave impedance from metallic
waveguide 305 to dielectric waveguide 310. This also
reduces the amount of power reflected back into metallic
waveguide 305.

Generally, coupling energy from a metallic waveguide to
a dielectric waveguide is less efficient. The incorporation of
lens 315 may increase the energy transmission efficiency.
For example, the curvature, positioning, and diameters of
lens 315 may contribute to increasing the energy transmis-
sion efficiency. For example, the curvature of lens 315 may
minimize the amount of radiation leakage (or signal loss) at
the transition point between metallic waveguide 305 and
lens 315. In other words, lens 315 may capture leaking
radiation, and confine the radiation to dielectric waveguide
310. It should be appreciated that in other embodiments, lens
315 may include a series of steps instead of a curvature and
achieve a similar result.
The curvature of lens 315 may be determined in some

embodiments using the following equation.

x(t)=x0+1.2k*cos(t) Equation (1)

y(t)=y0+3T*cos(t) Equation (2)

_►,

Where x(t) and y(t) represent parametric equations of a
parabola based on wavelength, t relates to the position of the
curve in a three dimensional plot and x0 and y0 relate to the
translation of the curve along their respective axes. In one

5 embodiment, the positioning of the lens may be defined as
t [—pi/2:pi/2], x0 is equal to 0, y0 is equal to —0.015 mm, and
X is the wavelength of the electromagnetic wave propagating
in the medium. See, for example, X-Y-Z axis shown in FIG.
5.

10 The curvature of lens 315 may depend on the frequency
of lens 315.
The position and diameter of lens 315 may be frequency

dependent in some embodiments. For example, based on the
working wavelength (the wavelength is inversely propor-

15 tional to the working frequency), this may cause the dimen-
sions of lens 315 to be reduced accordingly. Also, when the
dimensions are too small, it may be difficult to manufacture
matching section 320 or 325 and lens 315 cost effectively. To
overcome this difficulty, lens 315 may be moved along the

20 y axis. However, it should be appreciated that lens 315 may
be centered for symmetry reason in some embodiments, so
x0 is always equal to 0. Similarly, the diameter of lens 315
may be optimized for each working frequency, and may be
restrained to a smaller diameter due the packaging consid-

25 eration or fabrication issue. This is a trade-off between the
length of lens 315, and the diameter and the matching
section 320 or 325 of lens 315.

While FIGS. 3A and 3B show lens 315 connecting
dielectric waveguide 310 with metallic waveguide 305, lens

3o 315 may allow in other embodiments dielectric waveguide
310 to connect to any type of connector such as a solid
waveguide, a plastic waveguide, a transmission line, etc.
Waveguide 310 may be any shape, e.g., rectangular, circular,
elliptical, etc. For each type of waveguide, the impedance

35 matching section of lens 315 may be adjusted or optimized.
In addition, dielectric waveguide 310 may include any
shape, e.g., circular, rectangular, square, elliptical, hollow,
etc.

Simply stated, lens 315 may be applied to any geometry
40 of metallic waveguide 305 and/or dielectric waveguide 310.

See, for example, FIGS. 4A and 4B. FIG. 4A illustrates a
propagation mode 400 of one embodiment of the invention.
This embodiment shows a propagation mode in a rectangu-
lar waveguide 405. In this embodiment, the propagation

45 mode in the rectangular waveguide 405 is transverse electric
10 (TE10) as shown in FIG. 4A. Also, in this embodiment,
dielectric waveguide 410 may be orthogonal to the metallic
transition 415. FIG. 4B illustrates a propagation mode 400
in a dielectric waveguide. This reflects an excited hybrid

50 mode (HE11) 420, as shown in FIG. 4B.
FIG. 5 illustrates an interconnect system 500 using two

lenses 5151, 5152, according to an embodiment of the
present invention. In this embodiment, metallic waveguides
5051, 5052 are coupled to the ends of dielectric waveguide

55 510 using lenses 5151, 5152. Lenses 5151, 5152 may confine
the energy radiating from waveguide 5051, for example, to
dielectric waveguide 510 such that the loss associated with
the radiated energy at the interface between waveguides
5051 and 5151 is at a minimum. A similar principle applies

6o between dielectric waveguide 510 and waveguide 5052 with
respect to lens 5152. It should be appreciated that dielectric
waveguide 510 and lens 5151, 5152 may be a singular piece
in certain embodiments. See, for example, FIG. 6.

FIG. 6 illustrates an interconnect system 600 for connect-
65 ing a flexible dielectric waveguide 610 to metallic wave-

guides 6051, 6052, according to an embodiment of the
present invention. In this embodiment, dielectric waveguide
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610, including lens 6151, 6152 and may be made of the same
flexible material as a singular piece. The flexible material
allows dielectric waveguide 610 to bend without reducing
the performance of the transmission (no power loss). While
FIG. 6 shows dielectric waveguide 610 having a 90 degree
bend, the flexibility is not limited to 90 degrees. It should
also be appreciated that dielectric waveguide 610 may be
connected to any connector and not just a metallic wave-
guide 6051, 6052. In other words, the flexibility of dielectric
waveguide 610 allows dielectric waveguide 610, including
lens 6151, 6152, to be used in any environment that would
be appreciated by one of ordinary skill in the art.

Returning to FIG. 5, in other embodiments, dielectric
waveguide 510 may be separate from lens 5151 and lens
5152, and in further embodiments, may be two separate
pieces that connect to each other.
One or more embodiments of the present invention per-

tain to a lens configured to act as interconnect between one
waveguide and another waveguide. The lens may include an
impedance matching section to provide an improved match-
ing impedance network at the discontinuity of the wave-
guides. In some embodiments, the lens may be designed as
an ellipsoid to maximize power issued from one waveguide
to the other waveguide.
The lens may be created using three-dimensional printing

technology in some embodiments, and may be used in the
telecom industry, in a server backplane, in cloud computing,
memory interfaces, etc. The lens may be used in applications
where low transmission/coupling losses are critical.

It will be readily understood that the components of
various embodiments of the present invention, as generally
described and illustrated in the figures herein, may be
arranged and designed in a wide variety of different con-
figurations. Thus, the detailed description of the embodi-
ments, as represented in the attached figures, is not intended
to limit the scope of the invention as claimed, but is merely
representative of selected embodiments of the invention.
The features, structures, or characteristics of the invention

described throughout this specification may be combined in
any suitable manner in one or more embodiments. For
example, reference throughout this specification to "certain
embodiments," "some embodiments," or similar language
means that a particular feature, structure, or characteristic
described in connection with the embodiment is included in
at least one embodiment of the present invention. Thus,
appearances of the phrases "in certain embodiments," "in
some embodiment," "in other embodiments," or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined in
any suitable manner in one or more embodiments.

It should be noted that reference throughout this specifi-
cation to features, advantages, or similar language does not
imply that all of the features and advantages that may be
realized with the present invention should be or are in any
single embodiment of the invention. Rather, language refer-
ring to the features and advantages is understood to mean
that a specific feature, advantage, or characteristic described
in connection with an embodiment is included in at least one
embodiment of the present invention. Thus, discussion of
the features and advantages, and similar language, through-
out this specification may, but do not necessarily, refer to the
same embodiment.

Furthermore, the described features, advantages, and
characteristics of the invention may be combined in any
suitable manner in one or more embodiments. One skilled in
the relevant art will recognize that the invention can be

6
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
additional features and advantages may be recognized in
certain embodiments that may not be present in all embodi-

5 ments of the invention.
One having ordinary skill in the art will readily under-

stand that the invention as discussed above may be practiced
with steps in a different order, and/or with hardware ele-
ments in configurations which are different than those which

io are disclosed. Therefore, although the invention has been
described based upon these preferred embodiments, it would
be apparent to those of skill in the art that certain modifi-
cations, variations, and alternative constructions would be
apparent, while remaining within the spirit and scope of the

15 invention. In order to determine the metes and bounds of the
invention, therefore, reference should be made to the
appended claims.
The invention claimed is:
1. An apparatus, comprising:

20 a lens, comprising an impedance matching section, con-
figured to couple a metallic waveguide and a dielectric
waveguide, and minimize signal loss between the
metallic waveguide and the dielectric waveguide,
wherein the lens is configured to minimize an amount

25 of radiation leakage by redirecting radiation from the
metallic waveguide to the dielectric waveguide, and
wherein the impedance matching section comprises
one of either a single step or multi-step transition at an
insertion point between the metallic waveguide and the

30 lens.
2. The apparatus of claim 1, wherein the lens further

comprises flexible material.
3. The apparatus of claim 1, wherein the impedance

matching section comprises a single step transition at the
35 insertion point between the metallic waveguide and the lens.

4. The apparatus of claim 1, wherein the impedance
matching section comprises a multi-step transition at the
insertion point between the metallic waveguide and the lens.

5. The apparatus of claim 1, wherein the lens and the
4o dielectric waveguide are made from a same material.

6. The apparatus of claim 1, wherein the lens further
comprises material having a dielectric constant that is at
least two times larger than a relative permittivity of a
medium surrounding the lens.

45 7. An apparatus, comprising:
an interconnect, comprising an impedance matching sec-

tion, between a first waveguide and a second wave-
guide, wherein the interconnect is configured to maxi-
mize power issued from the first waveguide to the

50 second waveguide while minimizing power loss,
wherein the interconnect comprises a curved lens to
minimize an amount of radiation leakage at an insertion
point between the first waveguide and the second
waveguide and wherein the impedance matching sec-

55 tion comprises one of either a single step or multi-step
transition at an insertion point between the first wave-
guide and the lens.

8. The apparatus of claim 7, wherein first waveguide
comprises a metallic waveguide.

60 9. The apparatus of claim 7, wherein second waveguide
comprises a dielectric waveguide.

10. The apparatus of claim 7, wherein the interconnect
comprises flexible material.

11. The apparatus of claim 7, wherein the interconnect
65 further comprises material having a dielectric constant that

is at least two times larger than a relative permittivity of a
medium surrounding the lens.
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12. The apparatus of claim 7, wherein the impedance

matching section comprises a multi-step transition inserted
within a hole of the first waveguide.

13. The apparatus of claim 7, wherein the impedance
matching section comprises a single step transition inserted 5

within a hole of the first waveguide.
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